on behalf of the TRUST/RV368 Study Group Background: To date, HIV incidence studies among men who have sex with men (MSM) across sub-Saharan Africa have focused on studying sexual risk practices with less focus on sexual networks.
INTRODUCTION
The global HIV pandemic among key populations, particularly among men who have sex with men (MSM), remains unabated regardless of effective antiretroviral prevention and treatment strategies. 1 In societies where the general public is intolerant of MSM and same-sex behavior is criminalized, pervasive homophobia in the health care setting hinders the engagement of MSM and uptake of HIV prevention services. 2, 3 In Nigeria, up to 24% of medical students and 39% of nonmedical students believed that MSM should be denied health care services and HIV prevention services. 4 In addition, Nigerian MSM experienced an increase in fear and avoidance of health care settings after the passage of the Same-Sex Marriage Prohibition Act in January 2014. 5 Avoidance of health care services among Nigerian MSM is increased when stigma experiences synergize with suicidal ideation. 6 Such an environment negatively impacts linkage to HIV test and treat programs, undermining the effective control of HIV.
In Nigeria, prevalence estimates of HIV are much higher among MSM (17%-66%) [7] [8] [9] as compared to the reproductive-aged adults (4%). 7 Phylodynamic modeling of our cohort at 1 year of follow-up estimated an incidence of 7.9 per 100 susceptible person-years [PY] [95% confidence interval (CI): 7.0 to 10.4] and 9.2% of female infections in the region were attributed to the MSM population. 10 Other studies of MSM in Kenya, South Africa, Mali, Côte d'Ivoire, and Senegal have reported HIV incidence rates that range from 6.8 to 16.0 per 100 PY. [11] [12] [13] [14] [15] The combination of the high burden of disease and the sociopolitical context is likely to exacerbate the HIV incidence rate in Nigeria, which has yet to be fully described.
In many western settings, epidemiologic studies have focused on individual-level factors such as unsafe sexual practices, high rates of partner exchange, and concurrency in sexual partnerships. 16 These individual behaviors provide avenues for discussion with health care personnel who readily interact with patients on behavior change. However, in settings where those types of relationships are less common, MSM may engage more closely with their sexual and social networks. Networks providing stronger social support increased uptake of HIV testing, ART initiation, and levels of viral suppression among Nigerian MSM. 17 Therefore, factors that capture characteristics of the network may provide greater insight and novel opportunities for behavior change interventions. 18 Studies of these determinants in a wellcharacterized MSM cohort in sub-Saharan Africa deepen our understanding of the intersection of individual and sexual network factors that are vital for HIV control among MSM in highly stigmatizing environments.
The TRUST/RV368 study was premised on undertaking comprehensive investigation of these factors to inform strategies for innovative intervention. The current analysis measures incidence over 4 years and investigates epidemiological and sexual/social network characteristics in addition to traditional individual-level predictors driving incident infection. Individual-level predictors of incident HIV include rectal gonorrhea and receptive anal intercourse. 11, 12 Other correlates included genital ulcers, exclusive sex with men, low education, condomless sex, and group sex. 11, 12 
METHODS

Study Design and Population
Between March 2013 and March 2018, a prospective combination HIV prevention and treatment study (TRUST/ RV368) recruited MSM using respondent-driven sampling (RDS) in Abuja and Lagos, Nigeria, as previously described. 5, 19, 20 Initial "seed" participants, who were well connected within the target population, initiated recruitment by providing coupons to up to 3 of their eligible peers. Those peers recruited 3 of their peers, and this process continued with each new "wave" of peers until target enrollment numbers were met. Recruitment was completed in Lagos in September 2016 and remains ongoing in Abuja. Eligible participants were born male, aged 16 years and older (Abuja) or 18 years and older (Lagos), reported anal intercourse in the past year, and provided informed consent in English or Hausa. Participants were followed up every 3 months for 18 months. At each visit, participants were administered a structured survey instrument through in-person interviews, received a physical examination, and provided biological specimens for HIV and sexually transmitted infection (STI) diagnostics. HIV counseling and testing were repeated every 3 months for those who were HIV-uninfected. Participants eligible for inclusion in these analyses were HIV-uninfected at baseline and had at least 1 follow-up HIV diagnostic test result.
Ethical Considerations
The institutional review boards at the Nigerian Federal Capital Territory Health Research Ethics Committee, the Nigerian Ministry of Defense in Nigeria, the University of Maryland Baltimore, and the Walter Reed Army Institute of Research reviewed and approved the research protocol. All participants provided informed consent. Unique study identifiers for each participant deidentified the study data collected and analyzed.
Laboratory Procedures
At each 3-month visit, whole blood was tested for HIV using rapid test kits (Alere Determine, Waltham MA; Trinity biotech Uni-Gold HIV, Wicklow, Ireland; and Chembio Diagnostics HIV-1/2 Stat Pak test, Medford NY for discordant results) as outlined by the parallel testing algorithm for high-risk individuals in Nigeria. 21 At each visit, anal swabs and urine were collected and tested for Neisseria gonorrhoeae and Chlamydia trachomatis using the Aptima Combo 2 CT/NG Assay (Hologic, San Diego, CA). Participants testing positive for HIV and/or bacterial STIs were offered antiretroviral or antibiotic therapy as clinically indicated.
Exposures and Outcome
The primary outcome was incident HIV infection. The primary predicting variables included individual (demographic, behavioral, and biological) and network-related factors. Time-independent variables were assessed at baseline and included demographic factors (site, age, education, employment status, sexual orientation, and gender) and behavioral factors over the past year (number of male and female sexual partners, receptive and insertive partnerships, sex in exchange for money or gifts, testing for HIV, and drug use). Time-varying variables were assessed at the most recent visit, ie, preceding HIV acquisition for those who seroconverted or at the preceding visit for those who remained uninfected. These included concurrent sexual partnerships, meeting partners online, condomless sex during last sexual encounter, rectal or urethral chlamydia or gonorrhea, and alcohol use. If the one-visit lag was missing, the next most recent was filled forward and the time difference was not accounted for in the analysis.
The participant (ego) was asked to report up to 5 of his most recent sexual partners (alters) along with their demographic and behavioral information. Egocentric network data were used to describe respondents' network characteristics. The social network was a tertile categorization of the number of MSM the participant knew personally in the past 2 years.
The sexual network was a tertile categorization of the most recent reported alters in the past year. Known linkages within a sexual network were defined by the number of alters who knew each other. Density of a sexual network was the number of known linkages divided by the total possible linkages available for the number of reported alters and further categorized into 3 groups (0, 1-50, 51-100%). Strength of friendship ranged from 0 (acquaintance) to 10 (best friend) for each alter. Reported friendship ratings were averaged for the total number of alters and divided into 3 groups [low (0-3), medium (4-6), and high (7-10)]. Demographic and behavioral characteristics of the alters were calculated as the proportion of alters with that characteristic and further divided a priori into 3 categories (0, 1-50, and 51-100%).
Statistical Analysis
Of the 858 MSM who were HIV-uninfected at enrollment, 441 had follow-up HIV testing results and were included in these analyses. A sensitivity analysis compared those who defaulted with those included in the analysis to evaluate potential biases in the incidence estimates. The quality and equilibrium of the RDS sample was also evaluated to verify that the HIV incidence estimates were not biased by the sampling strategy. The proportion of incident infections was estimated for 5 categories of recruitment waves (1-5, 6-10, 11-15, 16-20, and 21-28) and tested using a trend t test. Incidence by recruitment seed was evaluated using a x 2 test. Convergence and bottleneck plots were generated using RDS Analyst (v. 0.56) 22 to further confirm equilibrium in the sample population. RDS weights were generated using RDS-II in RDS Analyst separately for Abuja and Lagos sites. The distribution of seroconverters within the recruitment chains was visualized using Netdraw. 23 Cumulative hazards of infection by individual age and those with a sexual network comprised of an older partner were estimated by Kaplan-Meier survival curves and compared with the log-rank test. Because the crude incidence rates among stratified proportions of older alters (1%-50%, 51%-100%) were similar (18.73 vs. 18.71), the 2 groups were pooled for the Kaplan-Meier analysis. Crude incidence rates with 95% CIs for HIV and loss to follow-up were calculated per 100 PY using Poisson regression models. Bivariate and multivariable Cox-proportional hazards regression models were used to analyze the relationship between demographic, behavioral, biological, and alter characteristics and time to HIV infection. Observation time began at first HIV-negative test for all participants. For participants who remained HIVuninfected, time of exposure ended with the last available HIV-negative test result. For those who seroconverted, the time of exposure ended at the midpoint between last HIVnegative test date and first HIV-positive test date. All variables significantly associated with HIV incidence in bivariate analysis (P , 0.05) were included in the multivariable model. Variables that were insignificant (P $ 0.05) were removed in a backwards stepwise approach to obtain the most parsimonious model. Both bivariate and multivariable models, adjusted and unadjusted for RDS weights, were presented. Missing observations accounted for less than 5% of the total sample and were retained in the models with indicators. Data were analyzed using Statistical Analysis Software (SAS) version 9.4 (SAS Institute, Cary, NC) and Stata Statistical Software: Release 13 (Stata Corp LP, College Station, TX). (Fig. 1A) . Incidence was 3-fold higher for those with a sexual network comprising an older alter as compared to one with similar-aged alters (Fig. 1B) .
Of the 12 recruitment chains, 1 seed was unproductive (Fig. 2) . The depth of the recruitment chains ranged from 3 to 28 waves in Abuja and from 0 to 26 waves in Lagos. HIV seroconversion did not differ by recruitment network indicated by seed of origin. The proportion of incident infections between early waves of recruitment vs. later waves of recruitment were similar (wave 1-5: 58%, wave 6-10: 53%, wave 11-15: 44%, wave 16-20: 46%, wave 21-28: 52%) (P . 0.05). HIV incidence reached convergence (or equilibrium) after the recruitment of 100-300 participants and remained stable as the number of recruited participants increased. Bottleneck plots indicated stable estimates in HIV incidence per seed. Therefore, the RDS diagnostic analysis suggested the sampling strategy yielded a representative cross-section of the MSM population as it relates to HIV incidence.
In bivariate analyses, a number of demographic, behavioral, and biological risk factors were significantly associated with HIV seroconversion (Table 1) . Younger age was associated with increased risk of a new HIV infection. Behavioral risk factors included receptive anal intercourse, condomless sex at last anal sex, sex in exchange for money or gifts, and no history of HIV testing. Having insertive sex was protective of incident infection. Men with a laboratory diagnosed rectal gonorrhea at the preceding visit were at increased risk of HIV. Concurrent sexual relationships were not significantly associated in this analysis. Significant sexual network determinants included more reported alters in sexual network, a stronger friendship on average with sexual partners, older sexual partners by 5 years, a larger proportion of partners with a higher socioeconomic status (SES), partners with more education, some regular partners, and a higher proportion perceived to be at high risk of HIV (Table 2) .
In the multivariable analysis, self-reported receptive partnerships, condomless sex, no history of testing for HIV, having rectal gonorrhea, sexual networks with more alters, and those with older partners remained significantly associated with HIV incidence (Table 3) . Age of the participant did not remain significant because it was highly correlated with a number of risk behaviors. Decreasing age was significantly associated with engaging in receptive anal sex, no experience testing for HIV, having rectal gonorrhea, having older alters, having alters of higher SES, and having more educated alters (all p trend , 0.01). Variables removed in backward selection were age, transactional sex, proportion of regular alters, insertive sex, proportion likely at higher risk of HIV, strength of friendship, proportion with higher SES, and proportion with more education.
Sensitivity Analysis
Enrollees in the cohort who only had a single HIV test result (n = 417) were significantly different from those retained in the analysis on individual risk factors. Those who defaulted from the study were more likely to be younger, have low education, reported more concurrent partnerships, less likely to meet partners online, more likely to engage in transactional sex, less likely to have an HIV test before enrollment, and more likely to report a smaller social network (see Table 1 , Supplemental Digital Content, http://links.lww.com/QAI/B259). Those with a single HIV test did not complete the second baseline visit 2 weeks later, and as a result, differences in biological and network characteristics could not be assessed because of insufficient data. The overall attrition rate at 18 months of follow-up was 62.3 cases/ 
DISCUSSION
The findings document high incidence among MSM in this sub-Saharan African cohort where avoidance to HIV prevention services may be the result of intolerance and criminalization of MSM behavior. 2, 3, 5, 6 By integrating individual behavior and network-based measures of risk, the current analysis provides novel insights into new HIV infections among Nigerian MSM. Individual factors include receptive partnerships, condomless sex, no history of testing for HIV, and rectal gonorrhea, many of which were highly correlated with young age. Network-defined factors include more sexual partners and one comprising at least one older member by 5 or more years. Recruitment networks and depth within the recruitment chains did not influence seroconversion. The high observed rate reinforces our previous estimate 10 and highlights the public health impact of Nigeria's sociopolitical environment on transmission rates. As such, treatment as prevention and comprehensive and innovative preventative interventions in nonstigmatizing venues have significant public health implications. Previously reported incidence rates among MSM in sub-Saharan Africa (6.8-16 .0 per 100 PY) [11] [12] [13] [14] [15] highlight that the reported incidence in the current study is among the highest observed thus far, underscoring that the HIV epidemic among MSM in this setting continues unabated. The lower estimates of earlier studies may be attributed to differences in sampling methodology. Two of the studies originated from a vaccine preparedness cohort where fewer of the most vulnerable MSM (17%, 77/449) were enrolled. 11, 12 The other studies were small in size and lacked sufficient follow-up to conduct robust multivariable analyses. [13] [14] [15] With greater precision, our findings are consistent with the vaccine preparedness cohort in identifying receptive anal intercourse and laboratory diagnosed gonorrhea (a marker of unprotected sex), as drivers of incident infection.
Our analysis uniquely observed an especially vulnerable risk of adolescent MSM where incidence was 30% higher in the 16-19 year olds as compared to the 20 and 24 year olds and 400% higher than those aged older than 25 years. Furthermore, the finding that linkages to older partners in sexual networks heighten risk 3-fold demonstrates the importance of interventions such as PrEP and treatment as prevention to reduce transmission from older to younger MSM. However, empowering these young MSM to embrace these prevention interventions with their older partners in the context of a stigmatizing and discriminatory environment has its challenges. As seen with adolescent girls who are at greatest risk of HIV from their older male partners in subSaharan Africa, there are a number of economic, social, and psychological barriers that hinder self-advocacy for sexual health. [24] [25] [26] Our finding of a 70% increased risk of incident HIV among MSM who accept gifts in payment for sex supports this hypothesis. Nonstigmatizing clinics may be one way to provide access to prevention interventions as well as a place to seek social and psychological support outside of sexual networks.
This study suggests that the composition of sexual networks is an important determinant of HIV risk. The egocentric sexual networks provided greater insight into characteristics that may influence a person's risk profile. Many demographic and sociobehavioral traits of members in a sexual network create a clustering of social norms and risk behaviors. In Nigeria, networks providing stronger social support increased uptake of HIV testing, ART initiation, and levels of viral suppression among MSM. 17 Furthermore, the size of the sexual network influences the likelihood of exposure to HIV and STIs. Nigerian MSM with larger sexual networks had higher incidence of bacterial STIs. 27 With HIV and STIs unlikely to be randomly distributed among sexual networks, the characteristics of the network offer greater insight on those at higher risk. Combining both the individual and sexual network characteristics provides a higher dimensional view of those at greatest risk of new HIV infections and provides a context for developing targeted interventions that refocus sexual risk-taking norms in the networks.
In this study, those who did not undergo an HIV test before study enrollment were at increased risk of a new HIV infection. In Nigeria, recent findings suggest a synergistic negative relationship between sexual stigma and suicidal ideation on HIV testing. 6 Previous stigma experiences generated psychological distress and increased feelings of vulnerability, both of which decreased willingness to seek services at general health facilities. MSM who are reluctant to undergo HIV testing may be more inclined to seek out older partners, who presumably offer a greater sense of stability and support. Sex in exchange for money or gifts may also be an indication of younger MSM in age-disparate relationships that provide a mixture of emotional and financial support, although transactional sex did not retain significance in the This study has some limitations. First, the estimated HIV incidence rates may be biased because of incomplete data on those with 1 HIV diagnostic test. Loss to follow-up is a challenge with any study of a hard-to-reach population and especially when those lost were disproportionately younger and were not aware of their HIV status. 28, 29 The nonrandom recruitment methodology may have resulted in recruitment of certain subgroups within the MSM community, but RDS diagnostics suggest the sample converged and is a representative cross-section of MSM as it relates to HIV incidence. Because adding RDS weights to the models may bias the findings, both weighted and unweighted are presented. Third, there were some "microclusters" of incident infection that suggest yet to be identified linkages between the newly infected in the social/sexual recruitment networks, but this would be best evaluated by phylogenetic analysis of genetic clusters. The lack of an association with age may be driven by more proximal factors that cluster among younger MSM, such as not testing for HIV and having rectal gonorrhea. The sampling design allowed each person to recruit 3 of their peers but did not capture whether those 3 peers comprised their sexual network or knew other sexual partners in the recruitment chain. Understanding the bidirectional sexual connections may provide a better measure for understanding whether recruitment networks influenced seroconversion and harbored areas of high transmission. Finally, this study originated in 2 metropolitan cities in Nigeria and may not be generalizable to areas outside these cities.
HIV incidence was very high among young MSM, an important key population within the mixed HIV epidemic of Nigeria and in the larger sub-Saharan context. Our data suggest that these young men had not sought their HIV status before entering the cohort, had a number of biological and behavioral risk factors, and had larger sexual networks with increasing numbers of older partners that together contributed to the transmission of HIV. HIV prevention and treatment interventions in stigmatizing and discriminatory-free settings are a public health priority for MSM in sub-Saharan Africa. Although individual-level risks offer an avenue of intervention, these data suggest the importance of working within the sexual networks as an alternative for men who are afraid to access HIV health care prevention services.
